In this communication, a comprehensive thermodynamic model for exergy analysis of a passive solar distillation system is presented. Temperatures of basin-liner, saline water body and inner and outer glass cover are estimated theoretically with the help of a computer program using a set of typical design and operating parameters. Energy and exergy analysis of a single-effect, single-slope horizontal passive solar still has been carried out under climatic conditions of India. It has been shown that the passive solar still can produce 4.17 l/m 2 of freshwater daily. Energy and exergy efficiency of the solar still are 30.42 and 4.93%, respectively. Causes, quantity and place of exergy destruction have also been explored for further research and improvement in the design and performance of solar stills. Exergy destruction or irreversibility in the process of each component, i.e. basin-liner, saline water body and glass cover, has been evaluated as 3353, 1633 and 362 W/m 2 , respectively, corresponding to the total solar exergy input of 6958 W/m 2 on a typical day. Their corresponding exergy efficiencies are found to be 3.91, 17.67 and 42.36%. The global exergy efficiency of the solar still is also estimated as 23.14%, taking these exergy destructions into account. The basin-liner is identified as the component around which there is highest possibility of improvement.
INTRODUCTION
There is acute shortage of fresh drinking water in remote and rural areas of many countries. At most of the places, enough saline water is available. But, it is not suitable for drinking and other domestic, agricultural and industrial applications. On the other hand, people are unable to use existing popular desalination devices to get fresh water because of limited or even no supply of grid-connected electricity. As most of the desalination technologies require electricity to run these devices, there is dire need to find some desalination systems operating with locally available renewable energy sources. Concern about harm to the environment, global warming and climate change owing to exploitation of fossil fuels has also made it necessary to find alternative ways even for urban areas. In the present circumstances, utilization of solar energy for desalination shall be the best solution for rural as well as urban areas [1] .
The use of solar energy is a promising option for desalination of saline water. It is locally available in abundance at zero energy cost. Solar distillation systems for desalination of saline water are extensively discussed elsewhere in literature. It has been established as a low-carbon technology, which is technically feasible for freshwater production having large potential of saving highgrade energy. But the initial cost of device to intercept the lowdensity solar radiation and its conversion to low-grade solar thermal energy for use in distillation is high. And the energy efficiency of the solar distillation systems is in lower range. Therefore, it has become essential to design solar distillation systems of higher energy efficiency minimizing thermal losses and irreversibility in the components to make it technically as well as economically feasible. The unit cost of desalination of saline water is estimated to be US$ 0.034/l corresponding to 30.42% energy efficiency of a passive solar still. It decreases to US$ 0.024/l using modified model incorporating the factor of equivalent cost of environmental degradation and high-grade energy savings for solar stills. Among other solar distillation systems, a single-effect, basin-type horizontal passive solar still is found to be comparatively cheaper [2] . It is also simple in design and easier to construct and operate with minimum requirement of repair and maintenance, anywhere, if adequate solar radiation is available. It comprises of three main components: metallic basin-liner, saline water body and glass cover as shown in Figure 1 . It operates on the basic principle of evaporation and condensation similar to the phenomenon of natural raining but within a confined space. It relies on the distillation process to remove fresh water from saline or brackish water.
The evaluation of energy efficiency and distillate output of any solar stills is primarily done by energy analysis, which is based on the first law of thermodynamics. It considers only the quantitative aspect of the energy transfer. The quality of energy, i.e. availability of energy ( potential for use) or exergy, defined by the second law of thermodynamics is usually ignored. The technique of exergy analysis is proved to be the most effective thermodynamic tool for achieving the goal of more efficient resource use, as it enables the locations, types and true magnitudes of waste and loss to be determined [3] . It has been successfully applied in the optimization of the entire system or specific variables in a single component of thermal systems, such as steam power plants, solar thermal power plants, steam or gas turbine, boiler, etc. [4, 5] . This knowledge can also be used to design a solar still, to reduce the sources of inefficiency and irreversibility in the existing processes and components of the solar still. It may prove to be very useful to achieve higher cost-effective efficiency and productivity.
A number of research works are available in literature on the optimization of design and operating parameters to maximize the energy efficiency and productivity of the passive solar stills based on energy analysis. The reported energy efficiency and distillate output per unit area of the solar still is found to be low in the range of 20 -46% and with ,6 l/m 2 /day of fresh water production for most cases, even under optimized operating conditions [6] [7] [8] [9] . A new approach to enhance the productivity of a solar still by introducing an additional basin in the double-slope solar still was attempted by Rajaseenivasan et al. [10] . Maximum productivity has been found to be 5.68 l/m 2 /day for doublebasin solar still. Cooper [11] has calculated and observed that the maximum theoretical and experimental efficiency of an ideal single-effect solar still can reach up to 60 and 50%, respectively. Therefore, despite of all efforts reported in references of the above-mentioned papers, there is much scope to improve the performance of the actual solar still to bring it at commercial stage. It may be possible by increasing distillate production utilizing maximum solar energy available without increasing the expensive solar energy collection area/device.
In view of authors of this paper, this task can be accomplished by the improvement in design of solar still based on exergy analysis in addition to conventional energy analysis. Some works on exergy analysis of other types of desalination systems are found in literature. But only a few literatures are available on exergy analysis of the passive solar stills. A general overview about exergy efficiency of collector and evaporator-condenser component of a solar still was given by Kwatra [12] . It has been illuminated here that a theoretical thermodynamic interpretation based on 'availability' helps to explain the individual contributions of the two energy conversion processes within the still to its overall efficiency. Garcia-Rodriguez and Gomez-Camacho [13] have performed the exergy analysis of a solar multi-effect distillation system. Energetic and exergetic analysis of a triple-effect distiller driven by solar energy has been carried out by Sow et al. [14] . The results of this paper show the exergetic efficiencies between 19 -26% for a triple-effect system, 17 -20% for a double effect system and ,4% for a single-effect system. The exergy analysis of a passive solar still was presented by Torchia-Nunez et al. [15] . It is reported that for the same exergy input, a collector, brine and solar still have exergy efficiencies of 12.9, 6 and 5%, respectively. An energy, exergy and life cycle cost analysis of single-and double-slope solar stills has been carried out by Dwivedi and Tiwari [16] . It is observed that double-slope solar still gives higher distillate output in summer with low annual distillate, higher exergy efficiency, low cost of production and low energy payback time as compared with single-slope solar still. Tiwari et al. [17] have investigated the effect of the number of collectors and water depth on exergy and thermal efficiency of the active solar still. Kumar and Tiwari [18] have analyzed the energy and exergy efficiency of a shallow basin passive solar still. It is found that with decrease in absorptivity (0.9-0.6) with time, the energetic and exergetic efficiencies decrease by 21.8 and 36.7%, respectively. The effect of glass cover tilt is found to be insignificant, and the respective efficiencies decrease by 0.75 and 0.47% per degree increase in tilt. These efficiencies increase rapidly up to a wind velocity of 2 m/s. Kianifar et al. [19] have conducted an exergy analysis to show the effect of a 
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International Journal of Low-Carbon Technologies 2016, 11, 211-221 small fan on the exergy efficiency in a pyramid-shaped solar still. The effect of seasonal change on exergy efficiency has also been reported here. Theoretical overall instantaneous exergy efficiency of a passive solar still having 308 tilt angle of glass cover and water depth of 0.04 m on a typical day in June was evaluated by Kaushik et al. [20] . They have found it in the range of 0.06 -5.9% for the variation in experimental results of overall instantaneous energy efficiency from 8 to 87.2%. The daily energy and exergy efficiency of the solar still is 20.7 and 1.31%, respectively. An optimum exergy efficiency of the ideal solar still is found to be 21.11% corresponding to 80% ultimate energy efficiency defined by Cooper [11] and at a typical operating condition. A feasible target of optimum exergy efficiency has been set under assumed ideal conditions to achieve in the future for the real working passive solar stills. The methodology and results reported by the abovementioned researchers are inspiring and motivated us to analyze a single-effect passive solar still energetically as well as exergetically with added dimensions and integrated approach. In the present work, a comprehensive thermodynamic model for exergy analysis is presented. Exergy balance equations of all three components of the passive solar still are given. Exergy efficiencies are estimated and compared with corresponding energy efficiencies. An attempt has also been made to explore the causes, sites and rate of exergy destruction in the components and processes leading to freshwater production by the passive solar stills.
SELECTION OF THE LOCATION AND THE PASSIVE SOLAR DISTILLATION SYSTEM FOR STUDY
Various improved designs of the passive solar distillation system are suggested and tested for increasing the efficiency and productivity by researchers. Special solar stills have also been designed for specific purpose like wars, expeditions, voyages, etc. [6] . This success has been achieved on the cost of increase in the unit cost of drinking water from these improved systems owing to higher initial capital cost and more operation and maintenance (O & M) cost involved. These systems comprise of the common components for performing different task of heat and mass transfer but differ in configuration and material of construction only.
Therefore, in the present analysis, a single-effect, basin-type horizontal passive solar still (Figure 1 ) is selected for investigations. This schematic diagram shows the major energy transfer mechanisms of the solar still producing potable water. Results of many theoretical and experimental studies on solar stills in IIT Delhi and other parts of India are available in literature. But no theoretical studies are reported for climatic conditions of Udaipur (Rajasthan). Rajasthan has a tropical desert climate varying from arid to sub-humid. There is acute shortage of drinking water. Hence, it is decided to select the location 'Udaipur' for present study so that experimental results may be compared in future for performance investigation of solar stills. The operating and climatic parameters of the selected passive solar distillation system are similar to passive solar stills shown in Figure 2 . It is in actual operation at the Department of Renewable Energy Engineering, College of Technology and Engineering, MPUAT, Udaipur (Rajasthan), India. Typical set of operating and climatic parameters assumed on a typical day with reference to Udaipur (278 42 0 N, 758 33 0 E) and design parameters assumed for 'energy and exergy analysis' in this paper are presented in Tables 1 and 2 . The findings of Cooper [11] about the percentage reflectance, absorptance and transmittance of the glass cover, water and basin-liner of a solar still is used in the present analysis.
The following assumptions have been considered for the energy and exergy analysis of the passive solar still: 
THERMODYNAMIC MODELING FOR EXERGY ANALYSIS OF THE PASSIVE SOLAR DISTILLATION SYSTEMS
The energy and exergy analysis are complementary thermodynamic tools. Energy analysis alone is not sufficient to understand all the aspects of energy utilization in the processes or components of the system. Exergy analysis is a technique that uses the conservation of mass and conservation of energy principles together with the second law of thermodynamics for the analysis, design, optimization and improvement of the energy systems. Sustainable quality assessment of energy for any thermodynamic system is possible by the method of exergy analysis. Furthermore, one of the main objectives of the exergy analysis is to locate and characterize the causes of exergy destruction or exergy losses, as well as to quantify the corresponding rates. The concept of exergy destruction or rate of irreversibility is widely used for the exergy analysis of thermal systems such as boiler, turbine, thermal power plants, etc. [3, 21, 22] . But its application in the analysis of passive solar still is a few. The thermodynamic model for the exergy analysis of the passive solar distillation systems considered here is presented in this section. It is based on the methods suggested by Moran and Shapiro [3] , Bejan [21] , Petela [23] and as applied by Torchia-Nunez et al. [15] . The energy analysis of the passive solar still is carried out based on the concept put forwarded by Dunkle [24] and Cooper [11] , including various improvements suggested by the researchers. It is summarized elsewhere in literature [6, 25, 26] . Energy balance equations are not reproduced here but used according to the assumptions made in the previous section for energy analysis of this study. The exergy (work potential) of heat or exergy transfer accompanying heat, E X q (in W/m 2 ) connected to internal and external heat transfer of passive solar stills through conduction, convection or evaporation (i.e. excluding radiation) is expressed as follows [3, 27] :
where q is the rate of heat transfer (W/m 2 ) through conduction, convection or evaporation process, T is the temperature of the system in Kelvin and T a is the temperature of the dead state or reference temperature (K) of the environment, i.e. temperature of the atmosphere outside the solar still. ð1 À T a =TÞ is a Carnot coefficient factor.
The exergy transfer associated with blackbody radiation E X radiation [23] at surface temperature T, i.e. thermal radiation (q r ) from the component of the solar still, with reference to a reference temperature T a , is expressed similar to the solar exergy described in the next section:
Temperatures of the basin-liner (T b ), saline water (T w ) and glass cover inside (T gi ) and outside (T go ) are the unknown operating variables to be determined for the calculation of energy and exergy flow, energy and exergy losses, and exergy destructions. All other parameters like heat transfer coefficients, partial vapor pressures, etc., are dependent on temperatures. Analysis based on experimental studies use measured values of these operating temperatures and ambient temperature (T a ), including other design and climatic parameters. But theoretical analysis based on the laws of thermodynamics requires determination of the unknown variables by solving energy and exergy balance equations. These equations are programmed by the authors using computer for the estimation of unknown operating variables, comprehensive calculations and graphical presentation of the results. The input data used in the analysis are given in Tables 1 and 2 .
Exergy balance equations
Exergy is consumed or destroyed ðE X d Þ because of irreversibility E X d in the process or components. The exergy balance for any system or its components can be obtained by combining the conservation of law of energy and non-conservation of exergy [28] as:
Exergy input À exergy output (useful and/or losses)
À exergy accumulation
Exergy flow diagram of the passive solar still is shown in Figure 3 . The exergy balance equations of the three main components of the solar still are given here, neglecting exergy accumulation in the components as the heat capacity of the basin-liner, glass cover and insulating materials is assumed to be negligible.
Basin-liner
Basin-liner of the passive solar still absorbs the fraction of solar exergy ðE X sun Þ reaching on it. A part of this, i.e. useful exergy ðE X w Þ is utilized to heat the saline water and a little is lost through insulation ðE X insul: Þ and remaining is destroyed ðE X d; b Þ.
where t g ; t w and a b are transmittance of the glass cover, transmittance of the saline water and absorptivity of the basin-liner, respectively. Here, the rate of incoming solar exergy, i.e. exergy of the solar radiation ðE X sun Þ, on the glass cover of passive solar still per unit area is calculated by multiplying the rate of incident solar radiation, G s (in W/m 2 ) to the Petela expression (C) [29, 30] , i.e.
where T a is the temperature of the dead state or reference temperature of the environment, i.e. temperature (K) of the atmosphere outside the solar still and T S is the temperature of the sun (6000 K for the present analysis).
Exergy of the solar radiation on the solar still per unit area, E X sun (in W/m 2 ), is given as:
Saline water
Input exergy to the mass of saline water in the basin is the sum of the fraction of incident solar exergy absorbed by water, i.e. ðt g a w ÞE X sun and useful exergy from the basin-liner ðE X w Þ. A part of it is utilized as the exergy associated with the heat transfer between saline water surface and the glass cover inside the solar still ðE X t; wÀg Þ and remaining is destroyed ðE X d; w Þ: Energy and exergy analysis of passive solar distillation systems
where a w is the absorptivity of saline water and E X t; wÀg is the exergy associated with the heat transfer through evaporation ðE X e; wÀg Þ, radiation ðE X r; wÀg Þ and convection ðE X c; wÀg Þ between saline water surface and the glass cover inside the solar still and is calculated as follows:
3.1.3 Glass cover
where a g is the absorptivity of glass cover and E X t; gÀa is the exergy loss associated with heat losses from glass cover to the atmosphere owing to radiation ðE X r; gÀa Þ and convection ðE X c; gÀa Þ and is given as:
The thermal exergy associated with the heat transfers and that owing to blackbody radiation appeared in Equations (6) to (9) are calculated using Equations (1) and (2) as described in Appendix.
Expressions of productivity, energetic and exergetic efficiencies
The expression for the hourly distillate output ðm wo Þ from the passive solar still (kg/m 2 h) is given as [26] :
where h e; wÀg is evaporative heat transfer coefficient between saline water and glass cover (W/m 2 K), and h fg is the latent heat of vaporization of water (J/kg).
The theoretical overall instantaneous energy efficiency (h e ) of a passive solar still at any time is defined as the ratio of heat transfer rate in the still by evaporation-condensation (q e; wÀg Þ to the rate of incident solar radiation ðG s Þ on the glass cover of solar still, i.e. 
The daily overall energy efficiency of a passive solar still may be calculated as follows: Global energy efficiency of the passive solar still may be defined and expressed as:
The overall instantaneous exergy efficiency of the passive solar still is defined as the ratio of exergy output of solar still to the exergy of the incident solar radiation, i.e.
h ex ¼ exergy output of the passive solar still exergy intput of the passive solar still ð15Þ
Exergy output of the passive solar still is the useful exergy associated with heat transfer through evaporation, i.e. E X e; gÀa , which is responsible for the transportation of the water vapor from saline water surface to the glass cover and distillate is produced after condensation. Hence,
Similarly, exergy efficiencies of different components are given as:
The glass cover can be assumed to work as a heat engine performing useful work by helping in the condensation of distillate by rejecting heat to the atmosphere. Therefore, exergy efficiency of the glass cover can be expressed as the ratio of exergy in the distillate yield and the maximum possible work obtainable from the total heat gained by the glass cover [12] . Hence, the exergy efficiency of the glass cover may be given as:
The global exergy efficiency of the passive solar still or exergy efficiency of the passive solar still may be evaluated by taking exergy destruction or irreversibility of the components of the solar stills into account. It is defined as:
Using Equations (3), (6) and (8), an expression for global exergy efficiency is derived in this paper and expressed in terms of exergy losses and effective absorptance of the components defined by Cooper [11] , i.e.
where a eff; b ¼ ðt g t w a w Þ; a eff; w ¼ ðt g a w Þ and a eff; g ¼ a g .
NUMERICAL RESULTS AND DISCUSSION
Energy and exergy analysis of a passive solar still has been carried out in this research work to investigate the effect of changes in various performance parameters and to suggest improvement measures. A number of results have been obtained, but only some specific findings that are unique and not published elsewhere are presented and discussed here. Numerical results obtained here by the energy analysis are in good agreement with the results published in literature [6 -11] with respect to the effect of design and climatic parameters on productivity and energy efficiency of the passive solar stills. It has been observed that the most prominent parameter is solar radiation incident on the solar still. Productivity of a passive solar still increases with the increase in the amount of incident solar radiation. This increase in productivity is the result of consequent rise of temperature of saline water, which leads to efficient evaporation of water.
The effect of solar radiation on the hourly overall instantaneous energy and exergy efficiency is illustrated in Figure 4 . It is observed that the exergy efficiency is very much lower than the energy efficiency. It is mainly due to less available energy or exergy associated with the evaporative heat corresponding to the lower system temperature, i.e. saline water temperature, which varies in the lower range of 15 -958C only. It can be explained by taking one extreme example when the water temperature has reached maximum, i.e. 94.358C at 2 p.m. The higher instantaneous energy efficiency is found as 49.29% owing to the higher quantity of evaporative thermal energy (436 W/m 2 ) as the output. But corresponding instantaneous exergy efficiency is found as 9.48%. This lower value is attributed to less available energy or low quality of evaporative thermal energy, i.e. exergy (78.2 W/m 2 ) associated with 436 W/m 2 of evaporative thermal energy in quantity with reference to the ambient temperature, 28.48C. The erratic fluctuations in the graph of Figure 4 is attributed to deviation in the assumed steady state condition of the solar still owing to thermal inertia [31] , rise in temperatures of water after 10 a.m. and consideration of hourly mean values. Similar trends are found even in the experimental results available in literatures [26, 32] .
The goal of the exergy analysis is not only to calculate the exergy efficiency but to find the quantity and location where exergy destruction takes place so that measures for improvement can be suggested. In the present analysis, the rate of instantaneous exergy destruction has been evaluated for the components of passive solar stills and results are shown in Figure 5 . It shows that the maximum hourly rate of exergy destructions in basinliner, water body and glass cover reach up to 386, 62.5 and 9.7 W/m 2 , respectively. It has been found that the rate of exergy destruction in the components is very much dependent on the rate of incident solar radiation. But it is not so simple to predict in reality as it is dependent on many other parameters also as given in Equations (6) to (9) . It is observed that the highest exergy is destructed in the basin-liner (3353 W/m 2 /day) and lowest in the glass cover (362 W/m 2 /day) corresponding to the total solar exergy input of 6958 W/m 2 on a typical day. The effect of exergy losses through insulation (E X insul : ¼ 484 W/m 2 / day) has marginal impact, and it can be taken care of by reducing thermal energy losses using insulating material of lower thermal conductivity or other means. The major cause of exergy destruction in the basin-liner is due to lower rate of useful heat transfer (E X w ) to water body as difference in the basin-liner temperature and water temperature (T b 2T w ) is observed to be ,18C during the operation periods. Increase in (T b -T w ) increases the useful energy transfer to water (E X w of Equation A.1) significantly, as increment in h w has slight impact (150% increment of h w causes only 0.9% increase in E X w ). Consequently, exergy destruction in the basin-liner reduces and both energy and exergy efficiency of the solar still increases. The method of increasing the (T b -T w ) is a matter of further research and technological development.
It has been established that higher temperature difference between water and inner glass cover (T w -T gi ) increases the rate of total exergy transfer from water to the glass cover (E X t; wÀg ) which may reduce the exergy destruction in water body. It increases the exergy efficiency and overall instantaneous exergy efficiency of the solar still. The glass cover has lowest rate of exergy destruction and highest exergy efficiency among the components of solar stills. Variations in hourly exergy efficiency of the components of the passive solar still are shown in Figure 6 . The daily exergy efficiencies have been estimated for the basinliner, saline water body and the glass cover as 3.91, 17.67 and 42.36%, respectively. Results shown in Figures 5 and 6 are completely in agreement thermodynamically that the higher exergy destruction leads to lower energy and exergy efficiencies of the passive solar stills. This observation may be very useful for the further improvement in the design of solar stills to increase the cost-effective efficiencies leading to higher productivity.
Through energy analysis, it is estimated that maximum global energy efficiency of the passive solar still lies in the range of 33.61 -67.44% if the convective and radiative heat transfers from saline water to the glass cover are not accounted as losses. The global exergy efficiency of the passive solar still is calculated using Equation (21), and results are shown in Figure 7 . The instantaneous global exergy efficiency gradually increases to a maximum, 26.7% corresponding to 826 W/m 2 incident solar radiations at 3 p.m. The daily average global exergy efficiency is estimated as 23.14%.
Both instantaneous global and daily average global exergy efficiency is higher than the overall instantaneous and daily average exergy efficiency. This is due to consideration of the inter-related effect of exergy destruction of each component, and finally it depends on the total exergy losses from the solar still on account of E X insul: and E X t; gÀa as shown in the derived expression (22) . The instantaneous global exergy efficiency accounts for internal as well as external exergy transfers of the passive solar still. Negative effect of exergy transfer during one process sometimes produces useful effect for the other process, if it is seen in totality. It can be explained by taking an example of exergy balance in the glass cover in Equation (8); it is evident that E X d; g is dependent on E X t; wÀg and E X t; gÀa in two different temperature zones of (T w 2T gi ) and (T go 2T a ). It is desirable to have higher value of E X t; wÀg for maximum output of distillate, which depends on E X e; wÀg , a larger part of E X t; wÀg leading to higher exergy destruction in the glass cover. At the same time, for maximum output of distillate, the rate of condensation should be faster. It is possible by increasing E X t; gÀa ; which leads to lower exergy destruction in the glass cover. Similar case is for both basin-liner and water body also. But from Equation (16) , it is evident that the instantaneous overall and daily average exergy efficiency of solar still is only due to useful evaporative heat transfer responsible for distillate production with respect to incoming solar exergy on the glass cover. E X e; wÀg is comparatively much lower than the input solar exergy. Therefore, there is a need to optimize all factors for maximization of overall exergy efficiency, utilizing solar exergy efficiently and economically in the case of solar distillation system, even though solar exergy is available at zero fuel cost. Raising the limit of energy and exergy efficiency by means of changing design parameters increases the capital cost significantly, i.e. not desirable. Hence, finding the methods of effective utilization of solar exergy is justified for higher cost-effective efficiencies.
In this analysis, effects of the operating, climatic and design parameters on the daily yield, as well as on the daily average overall energy and exergy efficiency of the passive solar still, are extensively examined. The daily yield as well as daily average overall energy and exergy efficiency decreases with increase in water depth in the range 10-40 mm. By regression analysis, it is found that there is nearly linear decrease in daily yield of 17% with every 10-mm increase in water depth. Daily average overall energy and exergy efficiency decreases following second-order polynomial equation with increase in water depth. This is because of the higher heat storage capacity of water at the higher depth of saline water. At lower depth, the thermal inertia of the passive solar still remains low. Consequently, the required minimum temperature difference between saline water and the glass cover for condensation under side of the glass cover is reached readily. It produces more freshwater with higher energy and exergy efficiency.
It is observed that daily yield and energy efficiency increases and exergy efficiency decreases with increase in wind speed (V). The rate of increase and decrease is faster till 1 m/s of wind speed. After that these rates become slower and nearly constant up to V¼4 m/s. The effect beyond 4 m/s is also examined, but there is not much contribution of it for the improvement of the performance technically as it is a climatic parameter beyond human control. It is also inferred that any mechanical effort to increase the wind velocity beyond 1 m/s over glass cover may not be technically as well as economically beneficial. The trend and reasons for variations in the yield and energy efficiency given by various researchers are confirmed in this analysis also. It is due to higher temperature difference in saline water-glass cover temperature arising out of higher convective heat loss from the glass cover to the atmosphere at higher wind speed. Here, it has been found that with increase in wind velocity, there is a decrease in the average temperature of both the saline water and glass cover individually, but (T w 2T gi ) increases. The decrease in average glass temperature is attributed to the increase in convective heat loss from the glass cover to the atmosphere at higher wind speed, but the decrease in the average saline water temperature is found to be due to increased overall heat loss coefficient (U L ).This fact is in good agreement with the results reported by Sharma and Mullick [33] . The reason of gradual decrease in exergy efficiency lies in this finding about the decrease in the water temperature with increase in wind speed, as the available energy in the evaporative heat transfer becomes lower with reference to the ambient temperature referring Equation A.3.
The effect of insulation thickness on efficiencies and daily distillate yield is also studied here. All three performance parameters of the passive solar still increase with the increase in the insulation thickness. 100% increase in insulation thickness of the passive solar still results in an increase in energy efficiency, exergy efficiency and daily yield by 5.33, 7.71 and 5.52%, respectively. Higher percentage of rise in exergy efficiency in comparison with the energy efficiency is due to a reduction in exergy destruction by 0.50 and 0.45% in the basin-liner and water body, respectively, and increment by 1.66% in the glass cover for 100% increase in the insulation thickness.
The effect of glass cover tilt on efficiencies and daily distillate has been found very significant. It is observed that better performance of the passive solar still is achieved at lower angle of inclination. Increase in inclination angle from 158 to 608 reduces the rate of heat loss from glass cover to the atmosphere and irreversibility of the glass cover by 26.8 and 9.4%, respectively, and increases the irreversibility of the basin-liner and water body by 4.47 and 21.15%, respectively, which causes overall lower performance at higher angles of inclination. At 158 inclination of the glass cover, energy efficiency, exergy efficiency and daily yield are 32.90%, 5.53% and 4.52 l/m 2 /day, respectively. In this analysis, theoretically maximum performance is observed at 08. But it should not be ,108 to avoid the drop back of the distillate after condensation [6] . These results are in good agreement with the views presented in literature given by Jabbar and Khalifa [34] .
The above-mentioned findings have been found similar to the results presented by researchers mentioned in the reference. It validates the present thermodynamic model used here for the energy and exergy analysis of the passive solar distillation system. A little variation in results based on exergy analysis is due to different design and operating parameters of the passive solar still and modification in the model for exergy analysis as compared with the model suggested by Torchia-Nunez et al. [15] . In this article, unique observations and discussions are highlighted about the exergy destructions, energy and exergy efficiencies and measures to improve the performance of the passive solar still.
CONCLUSIONS AND RECOMMENDATIONS
A passive solar still is analyzed through the energy and exergy analysis methods of thermodynamics. Parametric study has been conducted to find out the effects of different parameters such as saline water depth, wind velocity, thickness of insulation and angle of inclination of the glass cover on the productivity, energy and exergy efficiency of the basin-type passive solar still. The causes, factors and exact locations responsible for lower energy and exergy efficiency and ultimately less productivity of the passive solar still are ascertained. Some concluding remarks from this study are as follows:
(i) The exergy efficiency of the passive solar still is lower than the energy efficiency. It is mainly due to less available energy in the evaporative heat transfer as the system temperature in the form of saline water temperature varies in the lower range of 15 -958C only. There is a need for much stronger collective effort in R&D by engineers, researchers and academicians of the concerned areas to suggest the ways of reducing the exergy destruction to increase the exergy efficiency of the solar distillation systems. Widespread use of solar energy for desalination will contribute a lot to reduce the amount of greenhouse gas emissions to the environment causing global warming and climate change. Therefore, sincere steps are to be taken to bring solar distillation systems from laboratory or experimental stage to commercial stage with higher cost-effective efficiencies for sustainable development.
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APPENDIX
The atmospheric temperature is considered as the reference tem
